ABSTRACT
coordinate with essentially linear geometry, which is relatively rare for gallanediyl substituted transition metal species. The experimental data show that the gallanediyl ligand :GaAr iPr 4 behaves as a good σ-donor but a poor π-acceptor, in agreement with prior theoretical analyses on related systems. In addition, the monogallanediyl complex Mo(GaAr iPr 4 )(CO)5 was synthesized by reacting Ar iPr 4 GaGaAr iPr 4 with two equivalents of Mo(CO)5NMe3 in THF solution. The mechanism of the reaction between Ar iPr 4 GaGaAr iPr 4 and Cr(CO)6 was probed computationally using density functional theory. The results suggest that the reaction proceeds via an intermediate monogallanediyl complex
Cr(GaAr iPr 4 )(CO)5 that can be generated via two pathways, one of which involves the dimeric Ar iPr 4 GaGaAr iPr 4 , that are possibly competing. Ar iPr 4 GaGaAr iPr 4 was also shown to react readily under ambient conditions with Co2(CO)8 to give the monosubstituted dicobalt complex Co2(μ-GaAr iPr 4 )(μ-CO)(CO)6 by X-ray crystallography. The :GaAr iPr 4 unit bridges the Co−Co bond unsymmetrically in the solid state. No evidence was found for incorporation of more than one :GaAr iPr 4 unit into the dicobalt complex.
INTRODUCTION
Recent investigations have demonstrated the ability of digallenes to act as heavy element alkene analogues, 1 and despite being in equilibrium with its dissociated monomer i.e. gallanediyl :GaAr iPr 4 , 2 they were shown to react in their dimeric digallene Ar iPr4 GaGaAr iPr4 , form. They undergo cycloaddition with simple olefins (e.g. ethylene,
propene, styrene, 1-hexene) 3 and cyclic polyolefins (e.g. norbornadiene, cyclooctatetraene, cycloheptatriene and cyclopentadiene) in a manner that is directed by frontier orbital symmetry. 4 Although the reactions of the digallene proceeded in a similar manner to their alkene counterparts, they reacted much more rapidly than alkenes under ambient conditions and without the use of transition metal catalysts. The increased reactivity is due to differences in the frontier orbital symmetries of the two species: the HOMO and LUMO of cis-digallene have the correct symmetry and shape to react with the LUMO and HOMO of the alkenes. The bonding in digallenes can be thought of in terms of three primary resonance forms, A to C (Figure 1 ). 6 We have shown previously, by calculation and by analysis of electronic spectra and melting point depression experiments, that for derivatives of the ligand Ar iPr 4 (Ar iPr 4 = C6H3-2,6-(C6H3-2,6-i Pr2)2), an equilibrium exists between A and D in hydrocarbon solutions. 2c With a sufficiently bulky ligand, however, the monomeric form D can be favored even in the solid state and a stable example, :GaAr iPr8 (Ar iPr 8 = C6H-2,6-(C6H3-2,6-i Pr2)2-3,5-i Pr2), has been structurally characterized using X-ray crystallography.
2
It may also be possible to stabilize the resonance form B by addition of an appropriate Lewis acid, though this has yet to be proven. However, Rivard and coworkers have shown that heavier group 14 element analogues of ethylene related to B are isolable when stabilized by both a Lewis acid and a base. 7 On the other hand, high-level theoretical analyses have shown that even though the diradical structure C is required for an accurate representation of the electronic structure of digallenes, it does not seem to dictate the chemistry they undergo. 6 Because of the presence of the lone pair and two empty p-orbitals at gallium in the monomeric gallanediyl D, low-coordinate Ga I R species have been considered as isolobal analogues of CO. 8 However, unlike CO, they behave predominantly as σ-donor ligands.
The poor π-acceptor nature of GaR has been corroborated by Frenking and coworkers with theoretical calculations. 9 Jutzi and coworkers have previously shown that GaCp* (Cp* = 17 They observed that within the group 6 triad, the chemical shift decreases as -donation becomes more important for the heavier congeners due to relativistic effects.
The solid-state structures of 1−3 are illustrated in Figure 3 with selected bond distances and angles presented in Table 1 . Each complex crystallizes in the monoclinic space group C2/c. The unit cells of complexes 1−3 contain two crystallographically independent molecules of which only one molecule from each structure is shown in Figure   3 . In all cases the coordination sphere of the transition metal atom is six-coordinate with the two :GaAr iPr 4 group P21/c and its molecular structure is depicted in Figure 4 and selected bond lengths and angles given in the figure legend and in Table 1 . The unit cell contains two molecules, one of which has disorder in three of the four carbonyl ligands. For clarity, the molecule without disorder is shown in Figure 4 bond length to the ipso carbon of the terphenyl substituent is 1.9559(7) Å and is shorter than the Ga−C distances in 1−4 despite the increase in the gallium coordination number from two to three. This suggests even greater removal of charge density from gallium in 5. However it has been shown that the activation barrier of the digallene toward olefins and hydrogen is considerably lower than that of the gallanediyl. 5 To probe which form dictates the reactivity with metal carbonyls, optimizations of possible intermediates in the model reaction between Ar iPr 4 GaGaAr iPr 4 and Cr(CO)6 were performed using density functional theory (DFT).
Given the high stability of Cr(CO)6 with respect to ligand association 22 and the spectroscopic evidence that, under photolysis in solution, the Cr(CO)5 fragment reacts rapidly with σ-donors prior to further CO dissociation, 23 the formation of 1−3 is unlikely to involve intermediates in which chromium is either seven-or four-coordinate. Therefore, the Ga−Cr bond forming step of this reaction is likely to involve association of Cr(CO)5
with a gallium species of the type A, B or D. Because of the very small contribution of diradical character (form C) to the structure of digallenes and the observation that addition of a Lewis acid would further stabilize resonance form B, 6 the possibility for a diradical reaction mechanism was not considered.
The proposed mechanisms for the Ga−Cr bond-forming step are shown in Scheme For both steric and electronic reasons, Cr(CO)5 was found to form a stable interaction that bridges both gallium atoms only when A is in a nearly planar cisconformation. Given the significant steric strain associated with adopting this geometry, it is not surprising that cis-A·Cr(CO)5 is much higher in energy than D·Cr(CO)5 + :GaAr X-Ray Crystallography. Crystals of 1−5 suitable for single crystal X-ray diffraction studies were covered in silicone oil and attached to a glass fiber on the mounting pin on the goniometer. Crystallographic measurements were made by using a Bruker APEX II CCD diffractometer at −183°C. The crystal structures were corrected for Lorentz and polarization effects with SAINT 25 and absorption using Blessing's method as incorporated into the program SADABS. 26 The SHELXTL program was used to determine the space groups and set up the initial files. 27 The structures were determined by direct methods using the program XS and refined with the program XL. 28 All non-hydrogen atoms were resolved anisotropically. Hydrogen atoms were placed in idealized positions throughout the refinement process.
Computational Details. Optimized geometries and vibrational frequencies were calculated with the Gaussian09 program 29 using spin-restricted density functional theory and the PBE0 hybrid functional. 30 Alrichs' triple-ζ quality basis sets (def-TZVP) were used for all atoms. 31 Frequency calculations were performed on the located stationary points associated with reaction intermediates in order to verify that they represented true minima on the potential energy surface.
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